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previous study — and the choice
between two larger stones — all
capuchins again chose correctly.
Critically, in all of these studies, the
subjects had to evaluate the properties
of the stone by interacting with it,
typically by moving it, lifting it, or
tapping it, because visual cues were
no longer informative. Thus, these
capuchins did not simply learn through
trial-and-error to identify stones of
certain mineral composition or size, but
appeared to understand that the most
important characteristic of the hammer
stone was weight, and evaluated their
choices accordingly.
This paper [1] adds two interesting
angles to the literature. First, this ability
was demonstrated in a species which
was initially believed not to regularly
use tools, based on experimental
studies [2]. This reiterates the
importance of investigating behaviors
across multiple studies, as well as the
importance of providing the animals
with sufficient experience and
enrichment for these sorts of abilities to
emerge. Second, the authors provide
sound evidence that animals use more
than just past experience to evaluate
objects, and actually understand the
critical characteristics relating to the
task at hand. This implies that these
monkeys, and quite possibly other
species, are far more discerning than
previously believed. It will be
interesting to see whether future
studies find this same discrimination in
other tasks and among other species.
Such knowledge will help to clarify the
conditions which lead to the
emergence of an understanding of
complex tasks in animals.
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Figure 1. Tool selection by capuchin
monkeys.
Mansinho, an adult male bearded capuchin,
cracks open a palm nut on a sandstone anvil.
In this case, he was given a choice between
two artificial stones, one heavy and small
and the other light and big, and correctly
selected the smaller and heavier stone as his
hammer. (Photo by Elisabetta Visalberghi.)
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R125Hedgehog Signaling: Is Smo
a G Protein-Coupled Receptor?
The Hedgehog signal transducer Smoothened is structurally similar to
G protein-coupled receptors. Now there is direct evidence that Smoothened
relies on heterotrimeric G proteins in order to transduce the Hedgehog signal.
Melanie Philipp and Marc G. Caron
The Hedgehog (Hh) signaling pathway
is one of the most important and
evolutionarily conserved pathways
associated with embryonic
development, and cancer and is
involved in the formation and
homeostasis of a multitude of tissues
and organ systems [1]. Smoothened
(Smo) is the transducing molecule of
the extracellular signal Hh following its
interaction with the receptor Patched.
Topographically, Smo resembles
a seven transmembrane domain
protein with a high degree of similarity
to the family of G protein-coupled
receptors.
Seven transmembrane receptors are
called G protein-coupled receptors
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Figure 1. Two arms of Smo signal transduction.
(A) Activation of Smo decreases the production of cAMP via inhibitory G proteins. PKA is
inhibited and does not phosphorylate Gli. Thus, Gli is stabilized and able to initiate transcrip-
tion. (B) Phosphorylation of active Smo by GRK2 prepares the association of Smo with
b-arrestin 2. Subsequent interaction between b-arrestin 2 and Kif3A facilitates trafficking of
Smo into primary cilia, possibly in vesicles. In the cilium, Smo signal transduction is initiated.because they signal via interaction with
heterotrimeric G proteins. Binding of
a G protein-coupled receptor ligand
induces a conformational change in the
receptor which leads to nucleotide
exchange on the G protein and
‘dissociation’ of the a and bg subunits.
Both subunits are then capable of
transducing the signal via interaction
with effectors and changing levels of
second messengers such as cAMP.
Depending on their ability to either
inhibit or stimulate the generation of
second messengers or their effectors,
heterotrimeric G proteins are
subdivided into four main classes,
namely inhibitory (Gi), stimulatory (Gs),
G proteins which activate
Phospholipase C (Gq/11) and the G12/13
family [2]. For more than a decade it has
been presumed that Smo, because of
its molecular architecture, should
connect to heterotrimeric G proteins.
However, the evidence provided so far
has been controversial. A recent paper
[3] now presents a seemingly
convincing piece of evidence for Smo
to fit the bill of a true G protein-coupled
receptor.
Ogden et al. [3] used a combination
of cell-based assays and Drosophila
genetics to demonstrate the
requirement of inhibitory G proteins for
Smo-mediated signal transduction.When they knock down Gai in cells
originating from the Drosophila wing
imaginal disc (cl8) they find that in the
presence of Hh the production of cAMP
is elevated. Consistent with this
observation, overexpression of
constitutively active Gai (Gai Q205L) in
flies gives rise to ectopic veins in the
wing and to increased Hh target gene
expression, both effects considered
Hh gain-of-function phenotypes. Gai
Q205L also overrides the phenotype of
the SmoA5 strain, a dominant negative
Smo transgenic line. At the same time,
flies with a deletion of the Gai gene or
Gai hypomorphs express lower
amounts of the Hh target gene
decapentaplegic. When the SmoA5
strain is crossed to other flies carrying
a hypomorphic allele of the cAMP
specific phosphodiesterase, thereby
increasing intracellular cAMP, the
SmoA5 phenotype is augmented. The
authors conclude that Hh signaling
occurs through Smo coupling to Gi,
thereby lowering intracellular cAMP.
This causes the inactivation of PKA,
the kinase believed to prime Gli
transcription factors for degradation
and the termination of Hh signaling.
These data shed more light on one of
the initial steps of the Smo signaling
cascade. However, the contention that
Smo relies on the coupling to
heterotrimeric G proteins in order to
transduce the Hh signal has been
discussed for quite a while. In 1997,
Hammerschmidt and McMahon [4]
reported that overexpression of
pertussis toxin, an agent which
uncouples a subunits of inhibitory
G proteins from G protein-coupled
receptor-mediated signaling, disrupts
muscle development in zebrafish
embryos. However, fish treated in this
way did not completely resemble a loss
of Hh function phenotype [4]. Nor did
pertussis toxin or Gai Q205L have an
effect on all aspects of Hh signaling in
chicken embryos, as spinal cord
patterning was unperturbed and Gli3
processing stayed unchanged. On the
other hand, transcription of Hh target
genes in embryonic fibroblasts of
Patched-1 knockout mice seemed
to depend on Gi-mediated signal
transduction [5]. Results from
heterologous cell systems published
by other groups were just as
controversial. In an RNAi screen for
genes involved in Hh signaling in the
same Drosophila cell line as used by
Ogden et al. [3] no participation for any
G protein in Hh signaling was evident
Chromosome Dynamics: The Case
of the Missing Condensin
Condensins are conserved protein complexes that play integral roles in
chromosome dynamics during mitosis and meiosis. Caenorhabditis elegans
has been thought to be unusual in that it appeared to lack a typical condensin I
complex. However, recent biochemical excavating in the nematode has
unearthed the ‘missing’ condensin I complex as well as the worm homologs of
long-lost canonical condensin subunits.
Jason R. Ford and Jill M. Schumacher
The 21st century has been an
extraordinarily exciting time for
biology. Vast amounts of genomic
information have been compiled, and
understanding how the genome is
organized, regulated, and packaged
remains an intriguing challenge for the
scientific community. A significant
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R127[6]. GTPgS binding experiments in
another Drosophila cell line, however,
clearly demonstrated a cyclopamine
reversible coupling of Smo to Gi [7].
Similarly, it was found in endothelial
cells that activation of Gli-dependent
transcription was mediated via Gi and
subsequently PI3K, but not PKA [8].
Taken together, the weight of evidence
suggests that some form of Smo may
indeed signal via G proteins. However,
whether it can be unequivocally
observed may depend on the cell
type or tissue, the timing of the
differentiation state of the cell or
organism as well as a host of other
factors (including species differences).
Some of these inconsistencies raise the
question as to whether more than one
signaling arm may contribute to various
aspects of Smo signaling (Figure 1).
Interestingly, over the last few years,
evidence has accumulated that other
G protein-coupled receptor-interacting
proteins may contribute to Smo
signaling as well. G protein-coupled
receptor kinases (GRK) and b-arrestins
interact with receptors as part of the
desensitization machinery to
terminate G protein-dependent
G protein-coupled receptor signaling
[9]. However, we now understand
that GRKs and b-arrestins not only
serve this role but also act as triggers
for endocytosis of G protein-coupled
receptors and can generate
G protein-independent signaling
complexes such as for engagement of
the ERK and Akt/GSK3 pathways
[9,10]. GRKs and b-arrestins may play
similar roles for Smo. GRKs as well as
b-arrestin 2 have been found to
interact with Smo and facilitate Hh
signaling, both in cells as well as in
animals [11–15]. The underlying
mechanism for this is still the subject
of speculation. One possibility may be
the assembly of a signaling complex
consisting of Smo and b-arrestin 2
similar to the arrestin-dependent
signaling for ERK and Akt [9,10].
However, the fact that Smo needs to
traffic in and out of the plasma
membrane suggests that GRK2 and
b-arrestin could facilitate Hh signaling
by modulating the membrane
trafficking of the Smo complex.
Kovacs et al. [16] have recently
shown that the interaction of
b-arrestin 2 with Kif3A, a motor
protein of the anterograde transport
machinery in cilia, drives Smo into
cilia and enables signaling, thus
illustrating another potential point ofcontribution of these molecules to Smo
function [16]. For b-arrestin to
associate with a G protein-coupled
receptor, the phosphorylation of the
receptor by a GRK is indispensable.
Interestingly, the facts that Gbg, which
is a requisite for full activation of GRK2,
is required for Smo phosphorylation by
GRK2 in cells and that also in flies
a GRK enhances Hh signaling [13,14]
bolsters the case for Smo functioning in
many ways like a G protein-coupled
receptor. While there are still numerous
unanswered questions as to how
G proteins or G protein-coupled
receptor-interacting proteins may
contribute to Hh/Ptc/Smo signaling, it
may be useful to consider this
additional perspective in future
investigations on the mechanism of
Hh signaling.
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